Abstract. The choroidal vessels provide oxygen and nourishment for the retina and the choroidal vessels change is associated with some eye diseases. Accurately and automatically segmenting choroidal vessels is an important task in OCT scans for choroidal analysis. The paper proposes an effective choroidal vessels segmentation method based on multi-scales interpolating. And it consists of flattening, and multi-scale interpolating, filtering enhancing, threshold region growing segmentation. The experiment results illustrate it is an effective segmentation method.
Introduction
The choroidal vessels provide oxygen and nourishment to the outer retinal layers, and are crucial for metabolic activity in the retina [1] . Choroidal vessels changes are associated with some eye diseases, such as age-related macular degeneration (AMD), age-related choroidal atrophy, and choroiditis etc. Accurately and automatically measuring choroidal vessels has important signification about the diseases [2] . Spectral-domain optical coherence tomography provides a cross-sectional, three-dimensional (3D), micro-scale depiction of ocular tissues and clearly distinguishable retinal layers [3] . However, without the use of image enhancement techniques, choroidal vessels segmentation, still is a challenge task [3, 4] . Due to the high backscatter by the retinal pigment epithelium layer (RPE), straight image algorithms are difficult because of the intensity contrast for the choroidal region analysis. In many SS-OCT systems, a longer wavelength is adopted to allow deeper penetration through the RPE as shown in Figure 1 , but still difficult to distinguish the boundary of the choroidal layer. The choroidal vessels are vascular plexus between the retina and sclera that forms a vascular network, and they can be divided as the choriocapillaris [3] and the choroidal stroma [1, 4, 5] . The choroidal vessels are affected by many diseases of the retina, the changes of the choroidal vessels have been described as early macular degeneration and decreased choroidal vasculature thickness has been described in age-related macular degeneration [1, 2, 6] . Other diseases, such as polypoidal choroidal vasculopathy, and choroiditis, are associated with the choroidal vessels. Many researchers have been trying to develop fully automated 3D algorithms to segment choroidal vessels on standard clinically available SD-OCT scans. And some people used manual or semi-manual methods to segment choroidal vessels, but such methods suffer from large intra-and inter-observer variability [3, 4, 5] . The previously developed automatic segmentation of retinal structures provided some help to choroidal layers analysis and the study was to develop segmentation method of the choroidal vessels for the clinical SD-OCT scans. However, the segmentation results still have many problems, such as some obvious vessels lose. Thus, the paper proposes a multi-scale automatic segmentation of choroidal vessels segmentation method which can improve the segmentation results.
Proposed Method

Algorithm Summary
The main steps of the proposed method for choroidal vessels are summarized in Figure 2 . The segmentation schema as show in Figure 2 , it is consisted of the RPE surface finding, flattening, getting specific volume, and smoothing, multi-scale Frangi's filtering enhancement [7, 8] , binary region growing segmentation.
Choroid Volume Flattening
OCT Volume flattening and choroidal layer extracting, due to the relative position of the OCT scanner and patient's pupil sifting, and variation in eye movements, the raw OCT scans have different view angles and deformation. To reduce the variation a volume flattening process based on the RPE surface is applied. Then, the OCT volume first is segmented automatically by the reported graph-based segmentation approach [4, 5] , which produced the intra-retinal surface of RPE, and the entire raw OCT volume then is flattened based on the surface (Figure 3 ). The choroidal layer is beneath RPE, and a sufficiently large sub-volume containing choroidal layer is selected as the target region to use the proposed choroidal vessels segmentation method. About preprocessing of the Volumes, due to the OCT imaging physics, the retinal vessel shades would be detected as pseudo choroidal vessels in the layer under the retinal vessels. If the RPE surface has been detected, the half of y length is respected as shift-base position, and according to the surface, the other voxels are moving at y direction. So the flattening formula is as:
Where the f(x,y) is RPE surface, maxZ is z-direction maximum value, v'(x,y,z) is the flattened retinal volume.
Multi-Scales Interpolating and Enhancing
Because the cross-section appearances of the choroidal vessels are not like like-circle shape, but the hessian enhancing for the blood vessels just can enhance the like-circle region. For to make the cross-section region can be enhanced by the Frangi's method [7] , the z-direction has been interpolated as different scales.
To detect choroidal vessel voxels, a multi-scale Hessian matrix analysis is applied on the selected sub-volume: a 3x3x3 tensor matrix is generated for each voxel, containing local directionality and shape information. The vessels map of the choroidal vasculature then is calculated using the eigenvectors of the tensor matrix at each voxel position. Then the multi-scale enhancement specific volume is expanded as same fine scale, and the final volume is obtained by the formula: 
The voxel groups with relatively high vessels values are selected by thresholding of the vessels using an experimentally determined threshold that is fixed for all analyzed images. Varying this threshold gives close-to-equivalent results over a large range of values. The resulting binary regions are used as seeds for a classical region growing approach to segment the partial volume ( Figure 4 ). 
Segmentation Based on Connectedness
Although vessels have dark voxels, but with intensity flipping, an adaptive threshold has been acquired. Then they have been used as seeds for the region growing algorithm. Thus, the algorithm is left to establish a criterion to decide whether a pixel should be included in the current region or not. The criterion used by the connected threshold image filter is based on an interval of intensity values provided by the user. Lower and upper threshold values should be provided. The region growing algorithm includes those pixels whose intensities are inside the interval. For to acquire the seed voxels automatically, based on the voxels character on the intensity, choose a high value as the threshold for the specified volume. Then the segmentation voxels are inputted as seeds voxels, the threshold region growing begin to segment the specified volume.
Experiments Experiments Subjects and Parameters Setting
In our study, 26 normal subjects are sufficient for further analysis, even where visual inspection shows little detail of the choroidal vessels in B-scans. Choroidal vasculature segmentation is applied to all volume sets. After the specific volumes are determined, they are interpolated by 4 scales as 1, 2, 4, 8. According to above algorithm flow, the hessian filter is used to enhance the specific scale volume. And the parameters about the interpolating and enhancing are set as Table 1 . But the volumes have different length in z-direction, then they resample to original length and get the specific volume by formula (3).
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At flowing step, it has been segmented based on the threshold region growing, so the lower threshold and the high threshold have been set as 40 and 255 respectively. However, the initial seeds are obtained directly by high intensity threshold 150. 
Evaluate Indices
Let the G represents the grand truth, they are obtained by manual segmentation, and A represents the proposed method segmentation. So sensitivity, specificity is calculated by formula (4)(5) respectively. Another index is the volume error, and it is computed by formula (6) based on the overlap between the choroidal vessels by the proposed segmentation and manual segmentation. These indices have been used to evaluate the segmentation quality.
Experiments Parameters Setting and Results
In our study, 6 normal subjects are sufficient for further analysis, even where visual inspection shows little detail of the choroidal vessels in B-scans. Choroidal vasculature segmentation is applied to all volume sets. After the specific volumes have been determined, they are interpolated by 6 scales as1, 2, 4, 6, 8. According to above algorithm flow, the different scales specific volumes are enhanced by the hessian filter. And the parameters about the interpolating and enhancing are set as Table 1 . But the volumes have different length in z-direction, than they resample to original length and get the specific volume by formula (3). The images in Figure 5 show a segmentation scan result and the 3D visualization result of the choroidal vessels segmentation. The volume of choroidal vessels in OCT scans currently can be analyzed successfully by proposed method. And Table 2 shows the results of the segmentation choroidal vessels from the 6 subjects. The automated method is high, and the average of sensitivity, specificity and volume error is 0.89, 0.92and 0.039 respectively. 
Conclusions
The results of the study showed a fully automated 3D method has the capable of segmenting the choroidal vessels. The volumes of the choroidal layer allow automatic separation of choroidal vessel; however, some other subjects OCT image quality is too low to detect the choroidal vessels. In summary, the developed method can segment out better choroidal vessels, and the approach for automated segmentation can be expected to perform better in the further research.
